The simultaneous combination of scanning probe methods (tunnelling and force microscopies, STM and AFM) is a unique way to get an information about crystallographic and electronic structure of the studied surface. Here we apply these methods accompanied by the state-of-theart density functional theory (DFT) calculations to shed a light on the structure and electronic properties of the strongly-corrugated graphene/Rh (111) 
I. INTRODUCTION
The discovery of the fascinating properties of graphene [1, 2] initiates the fountain of experimental and theoretical works devoted to studies of its electronic and structural properties. In most cases a graphene layer in these works is in contact with the supporting substrate: insulating, semiconducting or metallic. The latter supports are considered as the most interesting from technological and fundamental-science points of view and several recent reviews have pointed out the importance of these graphene/metal systems [3] [4] [5] [6] . Firstly, the preparation of graphene on metals is presently considered as a cheapest way to produce large graphene layers of different thickness that can be transferred onto the polymer or insulating support and then used for preparation of different devices [7] [8] [9] . Another interesting, more fundamental, aspect of the graphene-metal interface is the nature of interaction at the interface [6] . Here, the intuitive description divides the whole set of the graphene-metal interfaces on two large subclasses of the weakly and strongly interacting graphene with metal.
As a measure of interaction strength one can consider the bonding energy per carbon atom between graphene and metal, the doping level of graphene, or/and the state and position of the Dirac cone in the electronic structure of the system. Interesting to note that this "graphene-metal interaction" puzzle is valid for a graphene layer adsorbed on metal as well as for the metal layers deposited on graphene (free-standing or substrate-supported).
Among the graphene/metal interfaces, the graphene layers on the lattice-mismatched close-packed surfaces [Rh(111), Ru(0001), Ir(111), Pt(111)] are under intent attention [10] [11] [12] [13] [14] [15] [16] [17] . The interaction between graphene and metal is abruptly changed from strong to weak interaction when going from Rh or Ru to Ir or Pt. Moreover, these systems are interesting from the perspective that metal atoms deposited on top of such graphene/metal systems will form an ordered arrays of clusters due to the moiré structure of the graphene layer on the lattice-mismatched surfaces. In such moiré structures the geometry of the system (buckling of a graphene layer) as well as the space variation of the charge (potential) will define the structure and the electronic properties of the metal-clusters/graphene/metal systems.
Here we performed the studies of the crystallographic and electronic structure of the strongly-corrugated graphene layer on Rh(111) via combination of scanning probe techniques (STM and AFM) and density-functional theory (DFT) calculations. These results show that a graphene layer in this system is strongly corrugated and electron density is strongly localised at the graphene/Rh(111) interface in places where graphene is strongly bonded to the substrate. Our results give also an information on the role of dispersive forces (van der Waals) in the bonding mechanism in this system and help to understand the clustering mechanism on top of strongly corrugated graphene layer.
II. EXPERIMENTAL
The electronic and structural properties of the graphene/Rh(111) system are obtained using generalised gradient approximation as parameterized by Perdew et al. (PBE) [18] to the exchange correlation potential. For solving the resulting Kohn-Sham equation we use the Vienna Ab Initio Simulation Package (VASP) [19] with the projector augmented wave basis sets [20] . The long-range van der Waals interactions were accounted for by means of a DFT-D2 approach proposed by Grimme [21] [22] [23] [24] . This method relies on corrections added to the DFT total energy and forces, based on a damped atom-pairwise potential C 6 R −6 (C 6 represents the dispersion coefficient for a given atom pair and R is the distance between the atoms). The studied system is modelled using supercell, which has an (11 × 11) lateral periodicity and contains one layer of (12 × 12) graphene on four-layer slab of metal atoms.
Metallic slab replicas are separated by ca. 18Å in the surface normal direction, leading to an effective vacuum region of about 15Å. To avoid interactions between periodic images of the slab, a dipole correction is applied [25] . Due to the large lateral periodicity the surface Brillouin zone is sampled with a single k-point at Γ for structure optimisation (the positions of the carbon atoms as well as those of the top three layers of Rh are optimised) and set to 3 × 3 × 1 mesh in the total energy calculations. The Rh-Rh spacings in the bottom layer are fixed at the optimised bulk value. The STM images are calculated using the TersoffHamann formalism [26] , which states that the tunnelling current in an STM experiment is proportional to the local density of states (LDOS) integrated from the Fermi level to the bias. In the visualisation software Hive [27] it is implemented in its most basic formulation, approximating the STM tip by an infinitely small point source. The integrated LDOS is calculated asρ(r, ε) ∝ and transferred to the frequency shift of the oscillating sensor via formalism described in
Ref. [28] .
The graphene/Rh(111) system was prepared in ultra-high vacuum station for STM/AFM studies via cracking of propylene gas (C 3 H 6 ) according to the recipe described in details in
Refs. [11, 12, 29] . Prior to the graphene preparation the Rh(111) was cleaned via cycles of Ar + -sputtering and high-temperature annealing until the clean atomically-resolved images were acquired in STM. Further, the quality and homogeneity of the graphene/Rh (111) samples were verified by means of low-energy electron diffraction (LEED) and STM. The STM/AFM images were collected with Aarhus SPM 150 equipped with KolibriSensor TM from SPECS [30, 31] with Nanonis Control system. In all measurements the sharp Wtip was used which was cleaned in situ via Ar + -sputtering. In presented STM images the tunnelling bias voltage, U T , is referenced to the sample and the tunnelling current, I T , is collected by the tip, which is virtually grounded. During the AFM measurements the sensor was oscillating with the resonance frequency of f 0 = 1001541 Hz and the quality factor of Q = 32323, and the frequency shift was used as an input signal in a feedback loop for the topography measurements. The oscillation amplitude was set to A = 300 pm. The system base pressure was better than 8 × 10 −11 mbar during all experiments. All measurements were performed at room temperature.
III. RESULTS AND DISCUSSION
The graphene/Rh(111) can be considered as a representative example of the lattice- respectively, of the difference electron density maps, ∆n(r) = n gr/Rh (r) − n Rh (r) − n gr (r), ploted in units of e/Å 3 calculated for graphene/Rh(111).
structure will define the strength of interaction between graphene and Rh(111) and among all high-symmetry positions the BRIDGE places are expected to be the most energetically favourable for the nucleation of the adsorbed atoms and molecules.
The model shown in Fig 1(a) was used in the DFT-D2 structure-optimization procedure in order to get an information about the spatially distributed interaction strength in the graphene/Rh(111) system. The results of this step are summarised in Fig. 1(b,c) where effect of hybridisation leads to the appearing of the so-called interface states which can be recognised in the DOS picture as a number of peaks around E F (Fig. 2) . The similar effects were also observed for the strongly interacting graphene/Ni(111) and graphene/Fe/Ni(111) systems [32] [33] [34] [35] .
We have studied the temperature dependence of the graphene growth at different temperatures and the same pressure of the propylene gas (p = 2 × 10 We also perform simulations of constant frequency shift and constant hight AFM images of graphene/Rh(111) (see discussion of the simulation details in the experimental part and in Ref. [28] ). Generally, the model analysis of the corrugated graphene-based systems was 10 give an information about absolute values of the frequency shift and the corrugation of the system (see Ref. [28] ). Moreover, the information about repulsive regime in AFM can not also be obtained from these simulations. However, if the model repulsive potential is added then the full simulation of the system can be performed.
IV. CONCLUSION
The geometry and electronic structure of the graphene/Rh(111) system were studied via combination of DFT, STM, and NC-AFM methods. We perform simulation of STM and AFM images on the basis of the optimised structure of graphene/Rh(111) and the charge distribution in this system and found that in both methods the imaging contrast is mainly defined by the structural corrugation of the system. The simulation of the imaging contrast in AFM was performed for the constant frequency shift and the constant hight methods and we found that it is inverted with respect to each other when forces between tip and sample are attractive. The obtained results shed light on the interactions in the graphene/Rh(111) system and help us to understand the observed effects in STM and NC-AFM imaging of the corrugated graphene-based systems.
